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ABSI R ACT

This report describes the improvements made to the AD)INA 78 finite element

computer code in urder to pernit the solution of structural response problems involving

very rapid heating. A material model was added to the two- and three-dimensional

continuum element types which permits the modeling of temperature dependent

thermoelastic anisotropic material properties. A different material model was also

added for these same continuum element types which permits the modeling of strain and-

temperature dependent thermoelastic anisotropic material properties. A major goal of

this work was to render ADINA 78 operational on the ASC computer at the Naval

Research Laboratories as well as to improve the computational efficiency of the code by

vectorizing the most important loops. This work and various benchmark test cases are

also described.
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1. INTRODUCTION

For the past several years, personnel in tile Materials Science and Technology

Division of the Naval Research Laboratories (NRI.) in Washington, I). C. have been

actively engaged in research directed at understanding and predicting the effects of

rapid heating of naval structural components. These efforts quickly focused on a small

number of general purpose finite element computer programs that were capable of

solving these problems. The ADINA11 , 21 code was selected for these studies because it

was the only general purpose code for which source coding was readily available at

reasonable cost, and because the source coding was well written, modular, well

documented and easy to modify for special applications. This report describes the

improvements made to Ai)INA 761"1 in order to make it more suitable for the solution of

structural response problems involving rapid heating.

The 1978 version of ADINA contained a material model (Model 3) for isotropic

thermoelastic temperature dependent properties and a material model (Model 2) for

anisotropic elastic properties for the two- and three-dimensional (2D & 3D) solid

elements. However, there was no anisotropic thermoelastic temperature dependent

model. This capability was added to ADINA 78 using Model 12 for the 2D & 3D solid

element types. The implementation of this model, the necessary data cards together

with sample problems are described in Section 2 of this report.

The main thermal problems of interest to NR L involve temperature excursions of

hundreds of degrees (°F), consequently, the material response becomes nonlinear. h

order to approximately model these thermal nonlinearities for anisotropic materials,

Model 6 was also added to ADINA 78 for the 2D & 3D solid types. The implementation of

this material model, the necessary data cards together with sample problems are

described in Section 3 of this report.

Recently, the Naval Research Laboratory acquired a new and unique fourth

generation, high speed digital computer, a Texas hstruments Advanced Scientific

Computer (ASC). While the ASC is no longer in production and although there are only a

few left in operation, it is a very powerful computer. lhe rated speed of the ASC for

scalar operations is approximately equal to a CDC 6600 computer; additionally, the ASC

has special hardware and software capabilities to perform 'vector' floating point

operations substantially faster than scalar operations. Prior to the current work, ADINA

I . ... L .- 1



had been run only in the scalar mode. Ihus, a further facet of the current work was to
"vectoriLe" ADINA to improve its computational efficiency on the ASC. This work arid

various benchmark test cases are described in Section 4.

Section 5 gives brief conclusions regarding thie current effort and Section 6

contains recommendations for further improvements and modifications of ADINA.

Three appendices have been included to complete the report. Appendix A

describes the ADINA files on the ASC, Appendix B briefly discusses various execution

problems with A[)INA, and Appendix C describes an Anisotropic Deformation Theory

Plasticity that was considered for ADINA.



2. TEMPERATURE DEPIENDEN1 ANISOIROPIC IIIERMOELASTIC MODEL

2.1 General

[he 78 version of ADINA has available a large number of material models for 21)

and 31)solid element types as indicated in Table 2.1.

Table 2.1 ADINA 78 Material Models for 2D & 3D Solid Element Types

NP AR(15)

Model No. Model Name

1 Isotropic Linear Elastic

2 Orthotropic (Anisotropic) Linear Elastic

3 Isotropic Thermoelastic

4 Curve Description

5 Concrete

7 Elastic-Plastic (Drucker-Prager- Cap)

8 Elastic-Plastic (von Mises, Isotropic Hardening)

9 Elastic-Plastic (Kinematic Hardening)

10 Thermoelastic-Plastic-Creep (von Mises, Iotropic Hardening)

11 Thermoelastic-Plastic-Creep (von Mises, Kinematic Hardening)

13 hcompressible Nonlinear Elastic (Mooney-Rivlin), 2D elements only

Unfortunately, ever since the original version of ADINA, [1 ' 2 ] Bathe has retained this

cumbersome identification of the material models. For example, while ADIJNA can

model both orthotropic and thermoclastic problems via Model 2 and 3, respectively, it

does not prmit the modeling of orthotropic thermoelastic problems although the

necessary coding for the calculation of the thermal force vector and local axes of

material orthotrophy exist.

In order to properly model typical naval structures subjected to rapid, intense

heating, it is necessary to have an anisotropic thermoelastic temperature dependent

material model. Under the current effort this capability was added to ADINA 78 by

implementing a new Model 12 as described in the remainder of this section.

I3



In terms of compatibility with other A[)INA options, Model 12 is identical to

Model 3. It will work for dynamic or static, geometrically linear or nonlinear analyses,

etc. However, Model 12 is intended for static, materially nonlinear analyses only. Its

use with other options, while allowable as input to AD INA, may produce erroneous

results. The user is encouraged to carefully verify use of Model 12 with these options.

This was not done under the ctirrent effort.

Model 12 is very similar to Model 3 ini the method used to store and retrieve

material properties as a function of temperature from the PR OP array (see Section

2.3). The strain and temperature dependent Model 6 described in Section 3 is likewise

similar to Models 3 and 12. While Model 6 can be used without strain dependency to

model temperature dependent anisotropic properties, this usage is not recommended;

Model 12 is intended for these problems and is easier to use and more efficient.

2.2 Implementation of MODEL 12

Because ADINA was capable of treating isotropic thermoelastic materials and

anisotropic materials, the implementation of Model 12 was straightforward, albeit

nontrival. This section briefly describes the modifications and additions that were made

to ADINA.

Logic was added in the clement calling routine for the 2D (TODMFE) and 31)

(TI-IREDM) solid element types to establish storage boundaries for the new material

property information that must be stored for Model 12. Logic was modified in the

M ATRT2 (21D) and M ATW RT (3D) subroutines to read and print the new material property

inf ,iation. Minor changes were made to the 2D routines TDFE and QUADS ir order to

recalculate the orientation of the local material axes; no similar changes were needed

for the 3D elements.

In the 2D and 3D solid element overlays there are subroutines present for each

material model (1-13). Dummy subroutines EL21.)12 and EL3D12 for Model 12 existed and

these were replaced with functional logic that called the following suite of new

subroutines that were added:

4i
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2 D 31)

11 H2 12 ITI1312

• 11212 -111312

M R O 2 ) M R OT3 D

While the corrections were straightforward, they were nontrivial and fairly extensive in

that approximately 1000 lines of code were added or modified.

2.3 Data Cards for MODEL 12

A small number of modifications to the ADINA 78 User's Manual [ 31 are necessary

in order to describe how to use Model 12. However, there are no changes for any other

material models. Rather than reproducing extensive portions of the user's manual, in the

sequel only the modifications and additions to the manal are described.

The input requirements for Model 12 are essentially the same as for the

hypothetical union of Models 2 and 3 and they follow the same format; they could be

deduced from the existing manual by a clever user. The one difference is actually an

improvement designed to eliminate needless input; M=NPAR(14) on the Llement Gro!,p

Control card has been used to define the number of temperatures at which the user wants

to input different properties. At least 2 discrete temperatures should always be given

(Ni ; 2). There is no practical upper limit on hi.

The material properties are stored in a table in a manner similar to the three-

dimensional array P)ROP described on the succeeding pages. During the solution phase,

the properties are linearly interpolated from the table as needed as illustrated in Figure

2-1. The temperatures must be given in strict, discrete, ascending order (TI < T2 < ... <

Tm); no two can be the same. Note that the properties are taken as undefined outside

the given temperature range and execution is terminated if T > T > Tno The strain-

stress law and its inverse the stress-strain compliance law are shown in Figures 2-2 and

2-3, respectively. For Model 12 the interpolation is performed on the stress-strain

compliances given in Figure 2-3 and not on the moduli, Poisson's ratio and coefficients of

thermal expansion.

In order to avoid needless duplication within this report, the following description

combines the data cards for the 21) (Section X 11 of the ADINA 78 User's Manual 3 ] pages

~5



E a

/
/

(A

E al Ea2  E a3 Eam

T1  T2  T3  Tin

Temperature

Figure 2-1. Model 12 (and 6) Temperature Interpolation Method.
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a IaAl /E V b a/Eb -v L[ 0 0 0 0
aa a b ac C a

T -vba/a - /Eb E V b 1 0 0 0c c -c A ca a cb/b 1/1 U 0 0 Ci
a0 0 /Gab 0 0 a

ac 0 0 0 1/Gac 0 ac

Sbc 0 0 0 0 0 i/Gbc 0 bc

where the ci and ai are the normal strains and stresses in the x i directions, and yij and oaj

are the corresponding engineering shear strains and shear stresses,respectively, and A T is

the temperature above the stress free ref rence temperature, A I = T-TRE F.

Note Vba/E = Vab /Eb etc.

Figure 2-2 Strain-Stress Law for MODE LS 3 and 12.

o C C C 0 U 0 - - A
Ua Caa ab ac a -0A

b  Cab Cbb Cbc 0 0 0 Lb- C bAT
c c Cb  c U 0 0 E - a ATca ac bC ccc c

a 0 0 0 0 0 0
a ac ac 0ac

Gbc 0 0 0 0 0 G bc -bc

Figure 2-3 Stress-Strain Compliances for MODE LS 3 and 12.
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4 - 17) and 3D (Section X Illof the manual, pages 4 - 17) solid element types.

Modifications for the 2D and 3D Solid Element kIput Data (MODE L 12)

Element Group Control Card (2014)

Columns Variable Entry

53-56 M=NlVAR(14) Number of temperature points (Models 6&12 only)

57-60 Nt' AR (15)=12 Material model number; 12 is the Orthotropic

I hermoelastic Model number

Set NPAR(15) = 12 to activate material Model 12 input data. M = Nil AR(14) 2

must also be set for material Model 12. Otherwise, the Element Group Control Card

data is unchanged.

Material MODEL 12 Property Data Cards

Each of the following card sets must have at least 1 card with 2 temperature

points (M > 2). If M > 8, use as many cards as needed in format 8F10.0. The 2[) and 3D

solid material model 12 requires, respectively, 10 and 12 card sets corresponding to the

following properties: E a; E b; Ec; Vab; Vac; Vbc; Gab; Gac Gbc*; Ca; ab ; and ac . The

subscripts a,b,c refer to the local orthogonal principal material axes as defined in Section

Xl 1and XIII, respectively, for 2D and 3Dsolids. For 2Dsolids, the a-b axes lie in the y-z

plane of modeling. Note that while tle stress-strain law is orthotropic in the local (a,b,c)

material coordinate system (Figure 2-3), it is "anisotropic" in the global coordinate

*Note that Gac and Gc are not defined for 2D solids; thus, card

sets 8 and 9 are omitted for 2D solid elements.

8



system. A local anisotropic model could easily be added at the expense of 4 additional
data sets for 2DL and 15 additional sets for 31) solids. The following describes the
material property data cards read fur Model 12.

Columns Variable Entry

Card Set 1
1 - i0 P, UP(1,N,1) 1 temperature at point 1

11 20 I'ROP(2, N,1) T2 temperature at point 2

PlOlP(M,N,1) Iin temperature at point vi

Card Set 2
1 - 10 PI1KOP(1,N,72) Eal a-direction modulus at point 1
I1 20 P ROP(2, N,2) Ea2 a-direction modulus at point 2

PROP(M,N,2) t: a-direction modulus at point in

Card Set 3C -10 PROP(1,N,3) EL b-direction modulus at point 1

11 -20 P ROP(2, N,3) [ b2 b-direction todulus at point 2

PROP(M,N,3) Ebm b-direction modulus at point m

Card Set 4
1 - 10 P11ROti(1,N,4) Ecl c-direction modulus at point 111 -20 P ROP(2, N,4) E c2 c-direction modulus at point 2

PR OI'(M ,N,4) E c c-direction modulus at point m

Card Set 5
1 - 10 PR OP(1, N,5) vah1 ab-Poisson's ratio at point 111 - 20 1' R O'(2, N,5) Vab2 ab-Poisson's ratio at point 2

IH Ol'(M , N,5) Vahrm ab-l'oisson's ratio at point m



Card Set 6
1 - 10 P RO (I, N,6) v ac ac-loisson's ratio at point 1
11 - 20 Pl< 0P(2,N,6) v ac2 ac-Poisson's ratio at point 2

V R 01'(M, N,6) vacrn ac-Poisson's ratio at point in

Card Set 7
1 - 10 1t OP(1, N,7) vbcl hc-Poisson's ratio at point I

11 - 20 I' ROP(2, N,7) Vbc 2 bc-Poisson's ratio at point 2

PROP(M,N,7) Vbcm bc-Poisson's ratio at point rm

Card Set VP
1 - 10 PR OP(l,N,8) Gab I ab-shear modulus at point 1

11 -20 PROP(2, N8) Gab2 ab-shear modulus at point 2

P1ROP(MN,8) Gabm ab-shear modulus at point m

Card Set 9*
1 - 10 PROP(1,N,9) G acl ac-shear modulus at point 1

11 - 20 P R 01'(2, N,9) Gac 2 ac-shear modulus at point 2

I) R OP(M, N,j) Gc M ac-shear modulus at point in

Card Set 10
1 - 10 P P. O(1, N,10) GbcI bc-shear modulus at point I
11 -20 l'iKOV(2,N,l0) Gbc2 bc-shear modulus at point 2

PRO[P(M,N,10) Gbcm bc-shear modulus at point m

Card Set 11
1 - 10 PROP(1,N11) a al a-direction expansion coefficient at point 1
11 - 20 P IOP(2, N,1 1) a a2 a-direction expansion coefficient at point 2

PROP(VM,N,11) cama-direction expansion coefficient at point m

*Ca rd Sets 8 & 9 must be oni tted for two-d imens i ona I problems.

10



Card Set 121 - 10 F'ROP(l,N,12) b -direction expansion coefficient at point 1
11 - 20 i1ROP(2, N,12) "b2 b-direction expansion coefficient at point 2

PROP(M,N,12) cxbfb-direction expansion coefficient at point m

Card Set 13
1 - 10 PI ROP(1,N,13) Cl c-direction expansion coefficient at point 111 - 20 PRO'(2, N,13) € c2 c-direction expansion coefficient at point 2

PROP(2,N,13) Xcm c-direction expansion coefficient at point m

Card Set 14
1 - lu PtOP(1,N,14) T REF reference stress free temperature

• . .. ... .. ............ , . .... . . '.......... .. " " w a - '- - 1



2.4 Sample Problems for MODE L 12

A two-dimensional and similar three-dimensional sample problem was run to

validate the new Model 12 logic added to AI)INA 7b. Figures 2-4 and 2-5 show the 2D)

and 31) prublem geometries, respectively. The 2D problem is a plane strain 900 segment

of a thin axisymmetric ring. The mean radius of the ring is 20U and the thickness is
0.5".

Symmetry boundary conditions are applied on the y-(uz=0 ) and z-(uy=O) axes, so

that the solution is symmetric about the x-axis. A total of nine 8-node, bi-quadratic

quadrilateral elements spaced at 100 and 46 nodal points were used as shown in Figure

2-4. The loading consisted of a 333 psi external pressure and the thermal loading

described below.

Temperature dependent orthotropic moduli and orthotropic thermal expansion

coefficients were used as shown in Figures 2-6a & b. The stress free reference

temperature was TREF = 0 and the temperature at which the calculation was done was

T = 10. Thus, from Figures 2-6a & b

Ea = 1 x 106 psi

Eb = 1.5 x 106 psi

Ec = 2 x 106 psi

Gab= .1 x 106 psi

a = .01 ,a aAT .1

)b = .02 , b AT .2

cLc = .03 a AT .3

Poisson's ratios were taken to be temperature independent, however, they were

orthotropic

Vab = .1

Vac .2

Vbc =

The ADINA 78 data cards are given in Tables 2.2 and 2.3 for the 2D and 3D

problems, respectively. The 2D Model 12 problem corresponds to the file R2D3 in

Appendix A and the 3D problem to file 1<31)2. The solutions to the 21) and 3D problems

are identical (in closed form, not numerically) and are as follows

12



42 333psi External Pressure

20.25"

12 11

13

10 7

5 4
3 2 1

y

Figure 2-4. 2D Model 12 Sample Problem File R203 Appendix A.
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zI

x 95

937

91

333 psi
External Pressure

20.25"

92

14
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E a(psi)

6
2x10 6

Eb = 1.5 Ea

Eo = 2 Ea

cab 0.1 Ea

.2xi06

2 10 20

Temperature

Figure 2-6a. Temperature Dependent Modulus

a

.02

.01

r,-

4-
4-

et$c~ 3c%
a-) 3a

- .002

2 10 20
Temperature

Figure 2-6b. Temperature Dependent Thermal Coefficient.
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2---D HOOP MODEL 12
4u1 1t1 1 1 1 1 •

9 2

? ?
1 2

0. 0. 10. .
2 2

U3 . 10. 1B
X 1 1 1 1 1 12 .5
X 4 1 0 U 1 1 1 20.25 5. 5X 44 1 U 0 1 1 20.25 85.X 6 1 0 0 1 1 20.25 10. 5
X 46 1 1 0 1 1 1 20.25 90.
X 2 1 01 1 20.00
X 7 1 0 0 1 1 1 20J0 0,. 5X 47 1 1 0 1 1 1 20.00 90.
X 3 1 0 1 1 1 1 19.75X 5 1 0 0 1 1 1 19.75 5. 5X 45 1 0 0 1 1 1 19.75 (35,X 0 1 0 0 1 1 1 19.75 10. 5
X 40 1 1 0 1 1 1 19.75 90.

1 1
1 10. 1

40 10.
2 

2 1 121

2. 20.
2.OLE5 2.FBE6
3.OE5 3.OEG
4.OE5 4.OEG

.1 .1

.2 .2

.3 .3

2.0E4 2.OE5
.002 .02
.004 .04
.006 .06

I 8 1 1 5 .007266463 1.0
3 1 6 8 2 4 7 5
9 8 1 1 5 .007266463 1.0

4; 41 46 48 42 44 47 45
2 1 1 6 4

333.3:33 333.33D33 1.0 5
2 1 41 46 44

",DI-..: 3333 333. , a33 3 1.
1 2 1. 1

4n 2 1.
STOP

Table 2.2. 2D Solid Element Model 12 Sample Problem - File R2D3
Appendix A.
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80OOP STRAIN - 3D PLANE STPAI'N ODFL 12
97100')111 1 1 1 .1

2

9

1 2

0. 1. 10. 1.
2 2

. if:. 1 . 10.
>, 1 0 0 1 1 1 1 19.75
X 7 0 0 0 1 1 1 19.75 S. 10
X 87 E 0 0 1 1 1 19.75 5.
X 11 0 0 0 1 1 1 19.75 10. 10
X 91 0 1 0 1 1 1 19.'5 90.
X , 0 0 1 1 1 1 20.00
X 13 0 0 B 1 1 1 2. IO 10. 1
X 93 0 1 0 1 1 20. 00 90.
X 5 0 0 1 1 1 1 20.25
X 9 0 0 0 1 1 1 28.25 5. 10
X 89 0 0 0 1 1 1 20.25 35.
X 15 0 0 0 1 1 20.25 10. 10
X 95 0 1 0 1 1 1 20.25 90.
X 2 1 0 1 1 1 -1.0 19.75
X 8 1 0 ( 1 1 1 -1.0 19.75 5. 10
x D8 1 0 0 1 1 1 -1.0 19.75 05.
X 12 1 0 0 1 1 1 -1.0 19.75 10. 10
>X 92 1 1 0 1 1 1 -1.0 19.75 90.
X 4 1 0 1 1 1 1 -1.0 20.003
X 14 1 0 0 1 1 1 -1.0 20.00 1 0. 10
X 94 1 1 0 I 1 1 -1.0 20.00 90.
X 6 1 0 1 1 1 1 -1.0 20.25
x 10 1 0 0 1 1 1 -1.0 20.25 5. iln
X 90 1 0 0 1 1 1 -1.0 20.25 85.
X 16 1 0 0 1 1 1 -1.0 20.25 10. 10
X 96 1 1 0 1 1 1 -1.0 20.25 90.

97 1 1 1 1 1 1
1 1

1 10. 1
97 10.
3 9 1 IG2 12 9
I

2. 20.
2.0E5 2.0EG
3.OE5 3.OEEG
4. 0E5 4.OEG

.1 .1.2 o2

.3 ..
2.0E4 2.1.0E5
. -JE4 B.OE5

G.UE4 6.-,E5 Table 2.3. 3D Solid Element Model 12 Sample V
On.? .02 Problem - File R3D2 Appendix A.

.004 .04

.006 .SG 17

4 -, °



1 9? 7 9'.

1 9? 17 95
1 97 27 95
1 97 37 95
1 97 47 95
1 97 5? 95
1 9? C?7 95

1 97 7? 9r

1 97 817 )5
1 iC 16 1 1 0
., 15 5 6 12 11 1 2

9 0 1(11 3 7 U 8 14 1 3 4 0)
I G 16 1 1 21 1
P: 15 is I6 G - 1. 1 1 P

0 19 0 20 0 17 0 iJ 24 23 13 14 0
3 16 1 1 1 ,-3 10

36 35 25 26 32 31 21 2'2
0 29 0 30 0 27 0 2{3 34 3 2D3 24 11
4 16 16 1 1 4 10

4C 45 ,5 36 42P 41 31 32
0 39 0 40 0 37 0 38 44 43 33 34 0
5 16 16 1 1 5 1.

5G 55 45 4G 52 51 41 42
(') , 49 7 5 0 7 0 40 54 53 63 44 0
6 16 16 1 1 6 10

G 65 55 56 62-' 61 S71 52
0 59 7 6 0 57 0 58 64 63 53 54 0

7 16 16 1 1 7 10
76 75 65 66 72 71 61 62
0 69 0 90 0 67 0 8 74 73 63 64 0
81 16 16 1 6 8 10

06 as 75 76 02 81 71 72
0. 79 0 80 0 77 0 78 84 83 7-'- 74 0

9 16 16 1 1 9 10

9G 95 85 86 92 91 61 OR
0 89 0 90 0 87' 0 so 94 93 03 84

1 16 15 5 6 0 9 C) to

333. "333 333.3333 333.33 333.3333 10
1 96 95 85 86 0 89 0 90

333.3333 333.3333 333.3333 333.3333

1 2 1 . 1
9 7  2 1.

STOP

Table 2.3.(cont'd) 3D Solid Element Model 12 Sample Problem - File R3D2 Appendix A.
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X ' r

where r, the radial direct im, corresponds to the ADINA a direction, x corresponds to the

c direction and b to the ur hoop direction. Note the 2) Dproperties have been rotated 5*

(.073 radian!) so that a is in the radial direction at the center of the element. (he BLE1

material angle listed on page X 1.43 of the Al)INA manual niust he givn in radians, not

degrees as the manual specities.) Likewise, the 3D material axes orientation cards

rotate the properties so that the a direction is in the radial direction at the center of the

element. Thus, the results are numerically symmetric about the x-axis. The strain-

stress law becomes

r 11-6
Sx1/1.5 10

1 15 .5

Because the ring is thin and free to expand, the hoop stress is

O = _ R -13333 ps i
t

Solving for the 3 remaining unknowns gives

o -606000 psix

and

C = .1615

0 = .2820

Thus the radial displacement is

u r = I C = 5.640

The numerical solutions given by ADINA apree closely with these values as shown

in Tables 2.4 and 2.5
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-1 able 2.4 Computud Nodal Point Displacements

2 D 3D

Radius Node ULsplacement Node Displacement

19.75 3 5.597 1 5.597

20 2 5.639 3 5.639

20.25 1 5.680 5 5.680

Table 2.5 Computed Element Stresses

2D 3D

Output Pt.

21)/3D D x  08 ox Go

1/2 -604504 -14581 -604504 -14835

3/1 -603653 -11917 -603653 -12128
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3. T[EMIERALURE I.PINDLNT ANISOrROPICtlJHL1MOELAST IC MODEL

3.1 General

Over a temperature range of several hundred1 of degrees (0 1), the materials used

in important naval struictures exparience a significant level of strain. 1he mechanical

properties of these sane materials are altered as a function of the level of strain as well

as a function of the temperature. The variation in mechanical properties as a function of

temperature can be modeled in ADINA 78 as described in Section 2. However, there is

still a need to model the variation in properties as a function of strain. This section

describes tile addition to ADINA 78 of material Model 6 that is capable of modeling tlhe

strain dependency and the combined strain and temperature dependency of the material

properties.

Physically Nonlinear Elastic Materials

The dependency of the elastic constants on strain is a class of problems in

mechanics known as physically nonlinear or nonlinear elasticity problems. This class

distinction is independent of kinematic nonlinearities (large deformations or finite

elasticity) and temperature dependency. It is an extremely ," mplex class of problems

that is not frequently found in the literature14 ,5 J and often is improperly treated

(especially in soil mechanics). The proper invariant treatment of materials of this class

requires the development of a constitutive equation of the form

where U = U (11,12,13, Ak) is the strain energy density expressed as a function of the 3

invariants of the strain tensor

2 = i'
13 = ijckr ki
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andi the 3 vectors ( AQ desc ribiiig the local principal material direct ions for anisot ropic

mate.rials. Note that eveni if the st rain energy density does not depend on Akth

inaterial is isot ropic only about the undeformci state ( 1. 1I2=13 :=tJ) adt, ini general, is

hiihly aflisotropic otherwise.

I hie straiin ce nrjgy dens ity for isotropic, lirwear elastic mnater i a s is e xp ressed

2 2

where pn and Xare the Lame constants. Thus

o. 2p E + XFI j ~ kk i j

For a typical nonlinea r cInstic material, tests miust be lperforrned to measure the

unknown 'elastic" constants in a polynomnil~ expansion of the strain energy density

U A. 1 2+A I + A 13+ A 1 I2 +A I. +~ A 1
12 1 22 2 13 1 23 1 2 33 3 14 1

A 1 2I + A I I + A I +.. . . .24 1 2 34 1 3 35 2

F-or even the simpliest material this task becomnes hopeless. There are so maiiy constants

that an almost infinite number of tests must be performed to determine their values.

This type of approach has rarely been successful. (However, one exception is the

Mooney-Rivlin rubber like material model available in ADIN A.)

A more tractable approach is the deformation theory plasticity model described in

Appendix C.[61  DeXformation theory plasticity seeks to approximate nonlinear, path

independent, stress-st rain behavior for loading paths that experience no unloading. These

theories have been successfully used to treat several anisotropic materials commonly

used in naval st ructures. [6, 7 j Deformnat ion theory requires the solution of only a path

independent nonilinear elasticity problem, not a plasticity prolem. Al)IN A has a

nonlinear static solution procedure that uses a secant stiffness mat rix that is very

comipat ible with the deformation theory approach.

ImplIemen tat ion of the deformation theory pl1as tic ity model described] in Append ix

C~ in the At.MNAi code would have required a mnajor effort well beyond thle scope of the

p resenmt work. Suc:h an effort wvould he justified only if the t heory were essential to
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predicti ig the response of structural miaterials to rapid, iin tense t reating. It was felt that

this level of effort '. is not justifie-d, and instead it was decided to implement a si mnplier

model that would permit thL' user to describe the usual aiisotrop ic elastic constants as a

function of strain. While this model is not invariant, it can l)e used to approximately

model mild nonlinearities in materials that undergo path iiidindent loading only. I he

remainder of this section describes the material Model li that was impimented iii Al)INA

to treat strain aid temperature depenident propertits.

3.2 iplementation of ?AOl)L L 6

lhe implementation of Model 0 was straightforward but nontrival and closely

follows that of Model 12. The imlplementation of Model 6 was limited to the 2D and 3D

solid elements and it is conmpatible with all of the other options in ADIN '. However, the

user is again warned that the present effort validated Model 6 only for the problems

described herein.

Logic was modified in the M A[ R 12 (21)) and M AlTWRI (3D) subroutines to read

and print the new material property information. h th: .U and 31) solid element

overlays there are subroutines present for each material rnodel (1-13). lDum omy

subroutines ELT216 and ELl31)6 for Model 6 existed and these were replaced with

functional logic that called the following suite of new subroutines that were added:

2D 31)

IT1-1206 II 11306

T 11206 T 11306

M R206 M3 D106

G M 2 D06 G M3 L)0

While the corrections were straightforward they were nontrivial and fairly extensive in

that approximately 1000 lines of code were added or modified.

3.3 Data Cards for MODEL 6

Model 6 is very similar to Models 12 and 3 in the method used to store and

23
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I

retrieve material properties from the array PROP as a function of strain and

temperature. While Model b can be used without strain dependency to model

tenperature dependent anisotropic materials, this usage is inefficient and not

rccomnlended. Model 12 is intended for these problems and is easier to use. The

material properties are stored in a table in a manner similar to the pseudo four-

dimensional array PROP described on the succeeding pages. During the solution phase

the properties are linearly interpolated as illustrated in Figures 3-1 and 2-1. Model 6 is

biased in favor of straiii dependency so this interpolation is performed first. If more than

one temperature point is used (M=NPAR(14) > 1), then the temperature interpolation is

performed on the strain interpolated properties. Strain and temperature points must be

given in strict, discrete, ascending order (F- <2<...<c and Tl<1 ..<T

Note that the properties are taken as undefined outside the specified strain and

temperature range and execution is terminated if E1 > C > C k or T > 1 > IT m

Note also that the strain range muSt include negative values for compression (see Figure

3-1). Unlike Model 12, the interpolation for Model 6 is performed on the data for the

moduli, Poisson's ratio and thermal expansion coefficients. These interpolated values are

then used to define the strain-stress coefficients given in igure 2-2 and inverted to give

the stress-strain law given in igure 2-3.

The strain dependency is not based on an effective strain, because as described in

Appendix C this would be a nontrivial computation for an anisotropic material. hstead

the strain dependency is of the following form

L E (Ft 1)a a a'
E b b ( :b' T)

Ec Ec (c' T)

Gab G at (¥ ab' T)

Gac G ac (Y ac' 1)

Gbc Gbc (-yc' T)

Vab ab)

Vac = ac (r)
V ac V a
Vbc = bc (r)

U a = "a (1)

c c (r)

24



Ea

Eaal EEa2 Ea3 Earn

Eal a2 a3 .. cain

Strain

Figure 3-1. Model 6 Strain Interpolation Method.
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Ihis approach was chosen for several reasons. Ilhe n oduli are usually measured in a

uniaxial stress test and, thus, their strain dependency is primarily related to the uniaxial

st ra in. )ata for the strain de&endency of Poisson's ratio is rarely available and when it

is, it is usually not reliable° Varying the -5 PIuisson's; ratios call lead to numerical

(litticulties that may not he easy to identify. lhe ternmperature dependency of 'oisson's

ratio can likewise cdtie problems and should be avoided whenever possible (also tie case

for Model 12). ttowever, variation of the uniaxial avid shear n-oduli can be made over a

large range witimoot numerical problems. The coefficients of thermal expansion were

taken to be independent of strain since virtually no data exists to identify this

dependency.

A small number of modifications to the ADINA 715 User's Manual 13 1 are necessary

in order to describe how to use Model 6. However, there are no changes for any other

material models. Rather than reproducing extensive portions of the user's manual, in the

sequel only the modifications and additions to the manual are described.

Modifications for the 2D and 31) Solid Elerment irput I)ata(MODEL 6)

Element Group Control Card

Columns Variable Entry

45-48 K=NII AR(12) Number of strain points (>2, Model 6 only)

53-56 M=NlI AR(14) Number of temperature points (Models 6 & 12 only)

57-60 NP AR(1 5)=6 Material model number; 6 is the Orthotropic Thermoelastic

Strain Dependent Model numbe r.

Set NI' AI(15)=6 to acv.ivate the material Model 6 input data. K=Nl' AR(12) defines

26
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t number of straiii points at which material properties are to be d lined, K 2 and is

only used with Model ,. .l -N ' AR(I4) dfinW the numbe-fr of t emperratLre points, for each

strain poiit, for which ni iterial properties are to, 1W itl;)ut. Nt' A(\(14) is used for both
Mode 1 i and 12, but with I o)e i6 NP AR(15) can be give i as. 1 (0 i5 rusct to 1) in order

thit StrainI depend~et, t k!apv rat tire intlependonc material properti es can be defirned,

Columuts Variable Lotry

Card Set 1-1
1-10 t)RoI'(I,N,1,1) Eali a-direction modulus at point 1,1

11-20 PKR OPI(2, N,1,1) Ea21 a-direction modulus at point 2,1

C OP'(K,N,1,1) Lak, a-direction modulus at point k,1
Card Set 1-2

1-1u PROP(I,N,2,I) [a12 a-direction modulus at point 1,2
11-20 P 1? OP(2, N,2,1) La22 a-direction modulus at point 2,2

PI RP(1,N,2,1) Eaik a-direction modulus at point k,2

Card Set 1-M
1-10 PR OP( I,N,M,1) Ealm a-direction modulus at point 1,m

11-201 P? OP(2,N,M ,1) L a2m a-direction modulus at point 2,m

PROPI(X,N,hi,l) Eakn, a-direction modulus at point k,m
Card Set 2-1

1-10 pROP'(1,N,1,2) F all a-direction strain at point 1,1
11-20 PR OP(2, N,1,2) Fa21 a-direction strain at point 2,1

tPR( I'(K,N,1,2) Caki a-direction strain at point k,1
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Card Set 2-2 1-10 [I R ((, N,2,2) alI a-d ireLtion Strain at point 1,2

11-20 11 R W1('2, N,2,2) a2? a-direction strain at point 2,2

VtO.'(N,N,2,2) :a .2 ,i-dir, ction strain at point k,2

Card Set 2-h,
1-1u P1OI'(1,N,M,2) tal r a-dir(tction strain at point 1,m

11-20 V R (I'(2, N,M,2) Ca2 m a-direction strain at point 2,m

PR OP( K, N,M ,2) C akm a-direction strain at point k,m
Card Set 3-1

1-10 PROP(1,N,1,3) Lbl1 b-direction modulus at point 1,1
11-20 PR OE(2, N,1,3) Eb21 b-direction modulus at point 2,1

P R OiP(K,N,1,3) Ebk1 b-directioi modulus at point k,1

Card Set 3-M
1-10 PR OP(1,N,M,3) Lbl m b-direction modulus at point 1,m

11-20 PR OP(2,N,M,3) Eb2m b-direction modulus at point 2,m

PROP(K,N,M,3) Ebk m b-direction modulus at point k,m

Card Set 4-1
1-10 PROP(1,N,1,4) cbll b-direction strain at point 1,1
11-20 1R OP(2, N,1,4) Fb2 l b-direction strain at point 2,1

PROP(K,N,1,4) Cbkl b-direction strain at point k,1

Card Set 4-M
1-10 PROP(1,N,M,4) f bl ni b-direction strain at point 1,m

11-20 P ROP(2, N,M,4) 'b2m b-direction strain at point 2,m

IROI'(K,N,M ,I) cbkm b-direction strain at point k,m
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Card Set S-1
1-20 1 N 1,0tl'( I, N, 1,!) (l:1 c-direction o-dtidns at point 1,1

1 1-2(i 1 1< ()1'(2, N, i,5) I c:21 c-direction ICIWLIIIIuS at point 2,1

Card Set S-M
1-10 1< (l'( I, N,.M ,) c-direct ion modulus at point 1,m

11-20) P R 0P(2, N,M , 5) I: c2 c-direction nIM(dul us at point 2,ill
•(:2 i

ICS -\0['(K,N,M,5) 1 ckin c-direction modulus at point k,rn
Card Set 6-1

1-10 PRPOl'(1,N,lb) C CI c-direction strain at point 1,1
11-20 P 1OP(2, N,1,6) Ec21 c-diruction strain at point 2,1

P .OI(P( t-,N,I,(O) c- c-direction strain at point k,1

Card Set 6-M
1-10 V R OVI,N,M,b) E clFn c-direction strain at point 1,m

11-20 P IKOP(2, N,M ,6) c 2 i c-direction strain at point 2,m

P -1 OI'(K,N,m ,b) E ck c-direction strain at point k,in
Card Set 7-1

1-10 I'I (OP(1,N,I ,7) G abl i ab-shear modulus at point 1,1
11-20I' ROP(2, N,I ,7) 'ab21 ab-shear modulus at point 2,1

I' K I'( K, N, 1,7) Gabk1 ab-shear modulus at point k,1

Card Set 7-M
1-10 t1< OP(1, N,M,7) A 1 hlin ai-shear modulus at point 1,ni

11-20 I'< 0'(2, N,M,,7) Gab2i ab-shear modulus at point 2,m

P IN ()I'(I(,N, ,7) ( k )ab-shar miodulus at point k,rn
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Card Set 8-I
1-1u PROI'( 1,N,1,I) yabl'I ah-shear strain at point 1,1
1 1-20 I' N (19'(2, N, ,8) ,,Wl1 ah-shear strain at point 2,1

'I'P( i,,N, 1,8) Yabkl ah-shear strain at pouint k,1

Card Set 8-,,

1-10 PROP(1,N,M,8) Yabln ab-shear strain at point 1,m
11-10 ) R OP(2, N,M 8) Yah2m ab-shear strain at point 2,m

P RO'(K, N,M ,8) Yabkm ab-shear strain at point k,m
Card Set 9-1*

1-10 PR OP(I,N,1,9) Gac11 ac-shear modulus at point 1,1
11-20 )ROP(2, N,1,9) G ac1 ac-shear modulus at point 2,1

PR Ul(K, N,1,9) Gack, ac-shear modulus at point k,1

Card Set 9-M*
1-10 l'ROP(1,N,M,9) Gaclm ac-shear modulus at point l,m

11-20 P R OP(2, N,M ,9) Gac2m ac-shear modulus at point 2,in

PR OP( K, N, i,9) Gackm ac-shear modulus at point k,m
Card Set 10-1"

1-10 PROV( I,N,1,10) Yac11 ac-shear strain at point 1,1

11-20 I'ROP(2, N,1,lA) Yac21 ac-shear strain at point 2,1

PRO'(K,N,1,10) Yackl ac-shear strain at point k,1

*(a rd Set s 9, 10, II and 12 are omitted for 21) So I i d V: Iement s
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Card Set 10-M*
1-10 P)I'l (1,N,M,lJ) acl i ac-shear straini at point 1,m

11-20 R P()i'(2, N, M ,10) Ya c2 In ac-shear strain at point 2,nm

PROP(K,N,M,10) (: km ac-shelar strairn at point k,m

Card Set 11-1P
1-10 vRO'(1,N,I,l 1) Gcll bc-Thear modul, s at point 1,1

11-20 1'ROP(2, N,1, 1) G1)c2 1 bc-shear mnodulus at point 2,1

P RO P( , N,I ,11) Gckl bc-shear rnndulus at point k,1

Card Set 11-,M*!1-10 pRI(1,N,M,II) Ghclm bc-shuar modulus at point 1,in
11-20 PR OP(2, N, M,i 1) Gbc2m bc-shear modulus at point 2,m

PI'C) P(IK,N, I,11I) G bckmrn bc-shear modultus at point k,nm
Card Set 12-1*

1-10 PIO'P(1, N,1,12) Ybc11 bc-shear strain at point 1,1
11-20 PR OP(2, N, 1,12) Ibc21 bc-shear strain at point 2,1

PR OI' (K,N,1,12) Ybckl bc-shear strain at point k,1

Card Set 12-M*
1-10 I'I (.)P(I,N,M,12) Ybc1 nII bc-shear strain at point 1,m

11-20 1ROI(2,N, M12) 1)bc2m bc-shear strain at point 2,m

I'ROP(KNM,12) 'l)ckm bc-shear strain at point k,m
Card Set 13

1-10 PR 01P(1,N,1,13) T1 temperature at point 1
11-20 P ROP(1,N,2,13) 12 temperature at point 2

I tRP(1,N,NA ,13) I-m temperature at point m

*Card Sets 9, 10, 11 and 12 arte urni t ted for 21.) Sol id Elements.
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Card Set 141_0 R01( 1, N,I1,14) v bl ab'P::isso;;'s ratio at puomt 1

C.ard Set 15
1-1t' PNU.I(I,N, 1,1,) you 1 -',i.sS'Jns ratito at point 1

11-20 1'R NOi'( I, N,2,14) Vat)2 ah-Poisson'5 ratio ai t p)int 2

P N OP( 1, N, ,'I ) 'a bm ab-Poisson's ratio at point ,mCard Set 16
1-10 IINOI'(I,N,1,15) v'acl ac-Poisson's ratio at point 1

11-2 IP, OP(1, ,2 ,1,) 'v ac-Poisson's ratio at point 2

P R 01'(1, N, M ,15) Vacm ac-Poisson's ratio at point m
Card Set 16

1-10 PR 01'(I , N,1 ,16) 1 )-rc- toisson's ratio atpot point 1
11-20 P RNO 1'(1, N,2,1 7) abc bc-Pision's ratio a t point 2

PR OP(1, N,M ,16) Vbc m bc-Poison's ratio at point m
Card Set 17

1-10 1 t) '(1, N,1,1 7) al a-direction expan. coef. at point 1
11-20 P R O1(1, N,2,17) Ua2 a-direction expan. coef. at point 2

I'ROP(1,N,M,17) 0. aM a-direction expan. coef. at point m
Card Set 1B

1-10 F'NU(1,N,1,19) bl b-direction expan. coef. at point 1
11-20 ) R OP(1, N,2,18) (2 b-direction expan. coef. at point 2

Car Se 1911R O0 1)(1, N,M 18) c. b b-direction expan coef at point m

Card Set 20

1-10 tPROtP(1,N,1,19) (tcl c-direction expan, coef. at point 1
111-20 tPROP(1,N2,19) "c2 c-direction expan, coef. at point 2

CardSet20 ROP(1,N,hi19) (tm c-direction expan. coef. at point mn

1-10 I'RO1'I, N,1,20) I K -I reference stress free temperature
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.4 Saimple Problems for Model b

I Iw gm')rnwt rics diil hOnnida ry Colidi toiis of the 21) arid 11) Model (iSfn)(

;)ra,)!ii I m rrae thIe st i as tir IMoI)del I I* sample problems~ shown% tin I ig'uae', 2-4 and 2-5 imd

ot-Ncriiwd~ ini Section 2.4. ii' hr2 1 \udul 0 pro)Ierz correspiond,, to the file k1<2 If ill

Aienldi. A airid the 3D) problom to file R!L 1)7. 1 hev AI.IN A 781 dat it to( the 2 1) arid 3 1)

.2,,Jtl 6 sample problenlis ale given inl I ,iils ;. I and 1.2, resjipkct ivcly. both tire straini

1;11 temperature v.-nriatioiis were Ued ill the- Ipro)leis, and a very iteresting feature of

t~i" (Latdt is that the st1nrnei fulW-i11 ion tciertu~re. A tot-ll 'i strait) poiii; s

Pi A\l(l 2)) mnd . temperature pit (NI' -is (1 4)) were- used. Icahl,- i.i SLIniiuariles. the

div~ i;used for thre 21) x 3D) probka-,is.

I able 3.3 Material Propertio-s foi \101,11 [. 6 Sample l'roolemrs

I erperature (a, b,c) I a b ) c Gab

0) -1 0 0 0

0 0 0 0) 0 0

0 1 0 (0 0 0)

100 -1 luxlu 60 20x10) lxlo6

10U 0 1 JX1 0 0 16.46x 10 6 2Ux10 6 1 x1

'100 1 1OX1t) 0 20006  1x10 6

I functional formi the inodil i vary as follows

E, l 10x '106 ps i ( V/101)
a

Gac *

Gbc .Ea

[he F b (hloop)) modulus varies with tennperiituLre mdn strait)

II b 16.40 x 106' psi (I/100) f( I
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where

rt for -1/100 0 .1

" 10/) , for 0 - c1/10(

Note that both tlhe 'b strain range a nd functional dependence of f vary witli

temperature. The l'oisson's ratios and thermal expansion coefficients are constant

V ab 

vac---2

Vbc 3

c~ .01
a

(kb ' 02

.03

-1he a, b and c directions again correspond to r, b and x, respectively.

The problem was run using, a stress free reference temperature IR I F 10, an

initial temperature of zero (which does not affect the calculations), and a constant

temperature time history 1 10. *hus, there are no thermal strains and

Ea = 1 x 106 psi

Lb = 1.646 x 10 6 psi f(c;B)

G 2 x 10" psi

Ga = .2 x 106 psi

ac
Gbc = .3 x 106 psi

and

f + 1o- , -. 1 C b 0
f(cb)- 0 , 0c *1

1 - l o t. b , 0 < <' . 1

I he problem was run 1 load and step required 2 iterations. The final coimpLtedl

radial displaement was
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te  -. 1(06

hus

thus, h : LI r 121 0 ~ * x 1-

anud

fe b __-.063) =*91 7

a n,|

Eb = 1.509 x 10 6 psi

[te problem is again one of plane strain (cx 0) in which the in-plane stresses are

statically determinant

Or = a 0

p l'
O b t= 13333 psi

The strain-stress law becomes

c1-.1/1.509 -. 1 0-6L .1/1.509 1/1.509 .1 S x 100 1 15 1/ 2]=sC

and solving for u x ant i -, gives

o x =-4000 psi

E:= 8t.24 x 10 - 3

So after 2 iterations the solution has converged to an accuracy of approximately 1 for

the hoop strain.
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Table 3.1. 2D Mlodel 6 Sample Proble - File R2D5 Appendix A.

i"--1 II Or, t'lOB ~l_ f)
4 1.9.f1Pt.tI. 1 1 1 1.1

11

2 2

1 2

0. 4 1 0 . 1.1.

2 2

X 1 1 0 1 1 1 1P. 25
X 4 1 0 0 1 1 1 20.25 5. 5
X 44 1 1 Ci 1 1 1 20.25 05.
X 6 1 0 0 1 1 1 20.2$ 10. 5

X 47 1 1 0 1 1 1 20 .25 90.
X 2 1 0 1 1 1 119..8
X 7 1 0 0 1 1 1 IS.00 10 5
X 47 1 1 0] 1 1 1 20 . 0 93,
X 3 1 0 1 1 1 1 19.75

X 5 1 0 0 1 1 1 19.75 5. 5
X 45 1 0 Ci 1 1 1 13.7"5 5

X 0 1 0 0 1 1 1 19.75 10. 5
X 48 1 1 11 1 1 1 19.75 90.

1 1
1 1

40,

1

I.E7 1.0E7 i.OE7

-1. 0. 1.

0.16463414.6 0.

-- 1. 0. 1.

2. 37 2.0E7 2.FE7

-- 1. I . I .

- 1. Cl. 1.
0. 11.

.1 .1

.2- .2
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Table 3.1 (cont'd) 2D Model 6 Sample Problom - File R2D5 Appendix A.

.02
* 03 .03
1 0.

1 0 5 0 t 72GC)1: 1. 0
1 0 1 5 2 s F, 4
8 : 1 1 5 . 018?2f64f3 1 .0

,,. 41 46 48 42 4.1 4V 45
. 1 1 6 4

33:3. '333 332. 3333i 1. 5
1 41 46 44

333."3 %3n) 333.33333
1 2 10. 1

4d 2 10.
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Table 3.2. 3D Model 6 Sample Problem - File R3D5 Appendix A.

FOOP s - 3NO F'LDII flJ LLC.
.- j i r3 t1 I 1 1 1. 1

2 2

1 0
2

0J. 1. 20 . 1.

1 0 0 . 10 1. 5X 1 0 0 1 1 1 1 19,.?5

X 7 0 0 0 1 1 1 19.75 5. 10

X 87 0 0 0 i 1 1 19.75 85.

X I 1 0 0 0 1 9 19,75 10. 10

X 91 0 1 0 1 1 1 19.75 90.

X D 0 0 1 J 1 1 20. P0
X 13 0 0 0 1 1 1 20.00 10. io
X 93 00 1 1 1 1 20.00 90.

X 5 02 0 1 1 1 1 20.25

X 9 0 0 0 1 1 1 20.25 5. 10

X 89 0 0 0 1 1 1 20.25 05.

X 15 0 0 0 i 1 1 20.25 10. 10

X 95 0 1 0 1 1 1 20.25 90.

X 2 1 0 1 1 1 1 -1.0 1.9. 75

X 8 0 0 1 1 1 -1.0 19.75 5. io

X 8 B 0 0 1 1 1 -1.0 19.75 85.

X 12 1 0 0 1 1 -1. 0 19. 75 J. i

9 92 1 1 0 1 1 1 -1.0 19.75 90.
X 4 1 0 1 1 1 1 -1.0 20.00

X 14 1 0 0 1 1 1 --1.0 20.00 10. j

X 9. 1 1 0 1 1 1 -1.v 20.00 .0.

X 6 1 0 1 :. 1 1 -1. 0 20. 25

X 10 1 0 0 -1.0 20.25 5. 10

> 90 1 0 0 1 1 1 -1. 20.25 85.
X 16 I 0 0 20. 25 10. 0. -

X 96 1 1 0 1 1 1 -1.0 20.25 90.

9 I 1 1 1 1 1 1
1 1

1 1

9': 1 16 32 6 ci

1

1 . 1 ' . OF?7 1. CiE7

-I. (1. 1.
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Table 3.2 (cont'd) 3D Model 6 Sample Problem - File R3D5 Appendix A.

-1. 0. 1.

0 E7 2. I F" 7

--I . 0. 1.

LI. D.EG :2.. OF.G 2. . G
-1. 0. 1.

E G 3E6 .EGE6

-1. 0. 1.

3.iE6 3,8E6 .0E

-1. 0. 1.

0. 100.0

.2 .2

.3 .3

.01 .01

.02 .02

.03 .03
10.

1 97 7 95
1 97 17 95
1 97 27 95
1 97 37 95

1 97 47 95
1 97 57 95
1 97 67 95

1 97 77 95
1 97 87 C-11 S
1 16 16 1 1 1 10

16 15 5 6 12 11 1 2

0 9 0 10 0 7 0 8 14 13 3 4 0

2 16 16 I, 1 2 10

26 25 15 16 22 21 11 12

0 19 0 20 0 17 0 18 24 23 13 14 0
3 16 16 1 1 3 10

36 35 25 26 32 31. 2A 22
0 29 0 30 0 2 7 0 29 34 33 3 24
4 16 16 1 1 4 10

46 45 35 36 42 41 31 32

O 39 0 4C 0 37 0 38 44 43 33 -4

5 16 16 1 1 5 0

56 55 45 46 52 51 41 4?

(1 49 0 50 0 47 0 4 1 5 43 F) 1
6 16 1 1 6 10
6 65 55 56 62 61 51 52

( 59 0 60 0 57 C.) 64 G .I 15' 1A 0
7 16 16 1 10 3

7(, 75 65 66 72 71 61.

ri. 69) 0 7 0 €. 67 1) 60, 74 73 61 (4 0
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Table 3.2 (cont'd) 30 Model 6 Sample Problem - File R3D5 Appendix A.

S 1E 1 1 1 0
Vi:, 75 7C, 02 i 71 72

t 79 0 P3 0 (1 ?7 (3 7?' 04 E-2 73 71

_l ; G 1 1 1 C 9 0
c9 hj c5 15 0 5{- 9 ? 9- 1 Vi ( L ,

, ~0' 90 0 (17 3 11 ; Li4z

1 1 1 S 5 6 9 o It)
. 3 3 3 . 3333 j1a . 3133 3-1. 1 j 8

I. 95 95 85 6 0 13 (, 93

3:vj. =K.j 333. 33,33 333. 33, .. ., -

STOP?
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4. V[CIORIA1 ION AND OPIl IMI/AI ION Of ADINA ON 111f ASC

4.1 General

I he AS C is i tilli(lue fourth g ier, rIti, l digital oJ rputer that is capable of

executing single floating point operations it speeds compir,ble to typical third

geieration mainframe computers (e.g., C(l)C 0600). [lhe mode of conputation of siigle

loat in point operations, typically these floating point operations are intermixed with

integer or logical operations, is called the scalar mode on the ASC. Ihe ASC is also

capable of performig vectorized floating point operations up to 20 ti res faster than

scalar operations. Ihe term vectorization on the ASC refers to the "pipeline" execution

of the same sequtnce of floating point operdtions. The ASC has the capability of

simultaneously performin rg multiple pipe line operations. Typically, tile time required to

initiate and/or terminate the pipeline process is approximately the same as the time to

perform a single, scalar operation, i.e., about 20 clock cycles. lowever, once the

pipeline is initiated, subsequent floating point operations require a single cycle. 1his

very powerful feature of the ASC was expected to subhstantially improve the efficiency

of ADINA, and a portion of the present effort was directed at vectorizing Al)INA.

A second feature of the effort described in this section is optimization. On the

ASC there are two compilers; a "fast" compiler that does little optimization of the

assemnbler instructions, and a 'slow" corrpiler that seeks to develop more efficient

aiseunbler code from the FORTRAN instructions. Ihese two compilers are apparently

similar to the Olf=1 and 01'l=2 options on the standard CI)C FIN compiler. Both the

fast and slow compilers have 4 levels of optimization that can be selected. i most

results reported herein, the default level 3 was used.

4.2 Vectorization Considerations

Vectoriiable [OR IR AN coding is typically in a tight L) loop of the following

form

[O 10 I 1,1 i(J0

A( 1)-= A( + 1)( 1) C(0

in CeNT INUtL

Ip 'H



[he major comptitatiunal effort in the above loop is the floating point multiplication and

addition. Such loops are conmonly used to assess the computatiornal efficiency of codes,

and the effort in the above lJop is rated at 10(00 flops (floatin' point operations-). 18

However, even a (tUrsory inspection of the assembler code genmerated by the [(OR I 1< AN

co:,ipiler will reveal that a significant number of overhead, nonvectorizable operations

such as memory fetches, stores, integer addition and testing tnznst also be performed.

lowvever, fourth generation computers such as tile ASC, Cl1 AY, S I AR, etc. are capable

of completing the 1000 passes through the loop substantially faster than 1000 arbitrary,

scalar floating point operdtions.

I well written finite element code such as ADINA, the bulk of the Cl' (Central

_rocessing) time is consumed in the formation of the element stiffness matrices and in

the solution of the assembled simnultaneous equations. Some processing time must also be

spent performing kiput/Output (VO) tasks and other non-Cl' operations such as reading

and writing to low speed disc storage. During the formation of the element matrices, a

substantial number of computations similar to the above loop are performed. However,

the range of these loops is typically small (B integration points, 8 shape functions, 8

nodes, etc.) Thus, while many repetitive, similar calculations are made, their ranges are

small. Vectorization is most efficient when many passes (100) are made through each

loop. For this reason, the most important subroutine for vectorization is COLS0O0 8 ' 9 1 ,

the column solver routine.

The word length on the ASC is 32 binary bits, the standard length for ILM look-

alike computers. This length is marginally adequate for explicit, scalar floating point

operations. However, at least 48 bits are required to retain sufficient accuracy for large

implicit calculations such as those performed by ADINA. For this reason, all the floating

point variables in ADINA were made double precision, 64 bits. This has some adverse

effects on optimization and vectoriiation.

4.3 Benchmark Results

The important computations in a typical column [91 or frontal18 ] type equation

solver can be represented by the folloving nested loops
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1 01 =0.0

I)() 20 N 1,l tidO

SLU M =0.0
[)0) 10 i 1],1)O()L

SOM, =SU ,M + ,A( 1) 1 A( 1+ N)

10 CONT INUL.

T o I= r o +SLJ M,/10000.

2(0 CON INUE

A loop structure of this type has been benchmarked on many dific-rent computers, and

has )een found to he a very good benchmark for purposes of Comparing tile computational

efficiency of different computers. Since there are 10 million passes through the

innerimost loop, the computational effort is rated at 10 Niflops (Million floating point

operations).

On the ASC: the same loups were run using 3 compiler options: (1) using the fast

compiler with the default level of "optimi/ation" and no vectorization (vectorization

cannot be performed with this compiler); (2) using the slow compiler with the default

level of optimization and no vectorization; and (3) using the slow compiler with the

default level of optimization but giving the compiler space to perform the

vectorization. Although it is possible to modify the FOR [R AN coding; to make direct

calls to vector processing routines, this was riot done in any of the work reported herein.

Table 4.1 lists in ascending order the central processing (CP) time in seconds

required to execute the 10 Mflop benchmark case. Unless specifically noted, the

compilation was done using the best applicable level of optimization and the arithmetic

was done using at least 60 binary bits. i some cases the comparable single precision

time is also given.

The entries in Table 4.1 should be very carefully studied for they convey

significant informiation about very important parameters. The vectorized Cray time is

excellent, reflectin,, a computational speed of 15 x 106 floating point operations per

second. However, scalar arithnetic on the Cray is noticably ilower than the CDC 17G

(same as a CI)C 7b00). The range of times in the table vary by a tactor of almost 100.
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I able 4.1. C' Run Iimes 1 ,or 10 Mflop I;enchmark

CoMput , r C ' riri (Siuc) _R emanar ks

Cray-1 .69 Vectorized

AS(: .82 Vectorized, Single PIrec

ASC 3.2 VectoriLed

CI)C 176 4.1

Cray-1 4.9

UCS C DC 175 5.7

SUN C DC 750 6.6

CDC 176 7.2 No Opt (OPT=1)

13 CS CDC 175 7.3

AS C 16. Slow Compiler, Default OP[

CDC 660o 20.

ASC 26. Slow Compiler, No OPT

UNIV AC 1100/80 34. Single Prec

UNIVAC 110(/0 48.

ASC 56. Fast Compiler, Defdult OP [

The ASC is seen to be very fast for single precision arithmetic, but double precision

increases the run time by a factor of 4. This is most unfortunate for ADINA (or any inplicit

code) since it cannot be run in single precision with accuracy. However, explicit codes such as

finite difference or hydro-codes that can use single precision even for structural response

calculations might run very efficiently on the ASC.

The importance of vectorization is also shown in the table. [he slow compiler ran 5

times faster when vectorit.ation was used. This is a big improvement but substantially less than

the theoretical maximum factor of 20. Since the limit on the inner loop was 10,000, the

overhead associated with pipeline initiation should he negligible. Thus, it would appear that the

best vectorization the compiler can effect for double precision is a 5 fold reduction in run
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t ile. Also, the 16 second run time with the slow (optimni/i ig) c(mrpiler is barely faster than the

C I )C (00. Ili s i nplies that the scala r speed of the AS C i i dotil v precisio is quite slow. Ihe

rui time frum the fast compiler seens incredibly slow, even slower than a UNIVA('. It is hard

to midt,.urstand a factor of 3.5 het wieen the fast and slow cu cmptiters on the ASC. On the CIC

17) tOhW factor is less thair 2.

Al) INA Lenchnark

While the loop structure accurately reflects the equation solver effort, the final

evaluation must be of actual runs o.. ADINA. I he table below lists the ASC and C DC 176

CI' tirne. for six 21) and six 31) runs. All of the ASC runs used the best optimi ,ed and

vectorized version of Al)INA that was developed during this effort.

Table 4.2 ASC vs. C[DC ADIN A Run limes (CP seconds)

2D 3 D

ASC Cl)C176 Ratio ASC C1JC176 Ratio

1 .81 .22 3.68 9.0 1.90 4.73

2 1.01 .23 4.39 8.86 2.01 4.40

3 1.14 .28 4.07 1.21 .37 3.27

4 4.58 .73 6.27 18.56 6.79 2.71

5 1.80 .39 4.61 10.62 2.25 4.72

6 13.97 1.89 7.59 53.81 9.16 5.87

Average 5.1 Average 4.3

The ASC is seen to run ADINA slower than the C DC 176, typically 4-5 times

slower. ki one 3D case the factor was less than 3, and the efficiency on the ASC seemed

to improve as the problem size increased. lhe above problems are obviously sinall with

run times not exceeding 1 minute on the ASC. The small size might bias the results

unfavorahly against the ASC.

Referring to Table 4.1, the CDC 176 was found to be approximately 4 times faster

than the optimized A')C running in a scalar mode (no vectiriiation). 1he ratios in 1abrle

4.2 suggest that the v'ctorization of Al)IN . may have had little ef fect on the run time.

This suggesti'n is Supl)rted(l by tie run ti.mes recorded o;ipiling \INA with the fast
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compiler (these results ha o not been teported) which gi-nerally run only 2 time. sluwei

than with tile best optimizatiun and vectori/atiori. Again referring back to Iable 4.1, the

fist compiler ran 3.5 timeS sliwer than the scalar mode of the otimizing compiler and

17. , times slo.er than tihe bst opti nized and vctori/ed co;mpiler. I lowev!r, the 10

%ithb; beinchlmark is strnm gly (, ij d by pipeline floating l)niit opeirationii, and in

AI)INA nearly ()0>/ of thw' execotable statements involve uon-floiating pumit or scalar

floating ioint operatilns. hu. , it is not Un1fCaSo fl( blC( th t the run times with A) IN .\

would be shuver in relation to the C)C 176 (a very fast scalar conputer) than! the 10

m flop benchmark or that the slow compiler would be less effective on ADIINA than on the

benichmaiark.

4.4 Discussion

The results of the vectori/ation and optimization studies presented in this section

are surprising and disappointing. I he best ASC doable precison run of the 10 Mflop

benchmark was 20%0 faster than a CIDC 176, but the best AS C run times on ADINA are 4

times slower than the CIDC 170. Without further, more detailed studies it is not possible

to be certain about the cause of the ADINA inefficiency. However, the moost likely cause

is the very high percentage of scalar operations in ADINA and the very poor efficiency of

the ASC in performing scalar corn putat ions. It is unlikely that further significant

improvements can be made in Al)INA using the current best (slow) compiler. If many

large problems (30 minutes) are to be run, it would be worthwhile to force vectorization

in the equation solver by modifying the FORT R AN. The bulk of Al)lNAshould be left as

is and future improvements in efficiency should be done using, small suhsets oif the

Al)INA code, e.o., equation solver, assembler, element stiffness routines, etc.

At the start of this effort, we were told thaL the slow compiler was Unreliable and

often ran 5 times slower than the fast compiler. Our findings were that the. slow

compiler was quite reliable and that it typically ran 3 times slower. The C l)C F I N

OPT=2 compiler typically runs 2 tinmes slower than ()fP1=1 and its object code typicall,

runs 2 times faster. We found no reason to use the fast compiler and recommend that its

use be discontinued.

The main reason that tie At)INA run times are so slow is probably due to the

compiler. The run times on the I) Mflnp benchinark varied fromzi .8 to 50 seconds. This
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s an unacceptable range. Reliable compilers that nevei take lunger than 10 seconds in

single precision should be provided. Also, it is surpri iig that scalar oper ations are so

slow. Again, we suspect thu con piler or operating syste m. Our opinion is that until

bdsic improvements in t1w AS,-I are made, Al)INA will continue to run 4 times slower

thain on a CDC 170.

47



5. CONCLUSIONS

I lie work reported herein has lead to signif icant i;np rovements in the A[) IN A code

on NR L's ASC computer. Material Model 12 was added to the 21D and 31) solid element

types in order to perin it the modeling of anisotropic therntoelastic materials, and

mate ial Model 6 was added to these same elemient types to permit the modeling of

strain dependent nonlinear anisotropic therinoelastic materials. These additions should

markedly improve NR L's ability to accurately determine the respumIse of naval structures

to intense rapid heating.

Considerable effort was also directed at improving the efficiency of ADINA on

the ASC. Through use of optimiz.ation and vectorization, Al)IN A now runs at least twice

as fast on the ASC. Unfortunately, ADINA still runs four times slower on the ASC than

on a Cl)C 176. As discussed in Section 4, this is probably caused by the poor compiler

provided by f L Ihe current work did not attempt the solution of any large scale

problems and it is likely that tihe ASC will improve its ratio to the CI)C 176 on large

problems. It is possible that by rnodifying the FOR I AN instructions in ADINA to make

direct calls to assembler language vector processing routines, the run times can be

further reduced. However, it is doubtful the ADINA will ever run faster on the ASC than

on a CDC 176.

A great deal has been done to improve ADINA, but more remains to be done. lhe

next Section 6 gives a detailed list of recommendations for further work in this area.
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6. RECOMMENDAr IONS

Much has been done to inake Al)INA operational and run efficiently on the ASC,

but much remains to be done. Th' fullowing is a list of recoin mended improvements and

modifications to AIJINA.

6.1 Development of a Preprocessor

ADINA has no preprocussing or data generation capabilities and its input structure

is exceeding complex, occassionally redundant, and inconvenient to use. This condition

detracts from effective utilization and wastes many hours of labor in the data

preparation process. A preprocessor with sume form of data generation should be
developed as soon as possible. At a minimum this should include a free format reader

and nodal point and element generator such as T E XG AP-2 D [I0 ' or I E XG AP-3 [t 1 1 ].

6.2 Development of a Postprocessor

The output from AIJINA consists entirely of printed output, no graphical output is

available. However, ADINA does have 'portholes' that permit some user interaction

with the code (for both pre and post processing). A postprocessing module should be

developed to identify maxinum and minimum stresses and strains by material and

element group and to plot elemeot connectivities, deformed grid, and stress and strain

contours on parametric surfaces. This should be done using a 'neutral plot file' concept

such as used by Pacifica -echnology in the LEXGAV codes.

6.3 Render all of ADINA 78 Operational on the ASC

At present only the 2D and 3D solid element types are operational for static and

transient analyses. The other element types such as truss, beam, shell and fluid elements

should be made operational and fully checked out. Several auxiliary options such as

frequencies, creel), etc. also should be niade operational.
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6..4 Further I-fficiency Improvement

A low leOve of etiort as described in SectioJi 4.4 should be continued in oider to

asc :rtain the mot efficienit methodof runing AI)IN,Aon the ASC.

0.5 Local Orthotropic Material Properties

Most of the anisitropic materials that are used in typical structures are

traisversely or locally orthotropic. The local orthotropic axes usually vary as, for

ev\dnple, with axisym metric shells. lhe capability to model these locally orthotropic

materials and variable local axes orientation should be added to ADINA to permit the

more effective modeling of these materials.

6.6 Development of a New Shell Element

The shell element implemented in ADINA is suitable mainly for moderately thick

shells and transitions from shell to solid (continuum) element types. This element is

unsuitable for general shells and it is particularly inefficient for thin shells, a class of

problems of considerable interest to the Navy. A new shell element should be developed

and added to ADINA, retaining the current element as an option. A stiffener (beam)

element that is compatible with the shell element should also be developed since many

naval shell structures are stiffened.

b(.7 Addition of Material Models to the Shell Element

Presently the shell element is limited to isotropic elastic or plastic material

models. No thermoclastic or ortlhotropic materials can be modeled. fhe MODE L=2,3,6 &

12 material models should be added to the shell element.

6.8 ADINA-T Interface
9

NRL has put considerable effort into impd,.menting and optimizing both ADINA

and ADINA-i on the /SC. The interface between these codes should be thoroughly

tested and upgraded to meet the nelds of NR I..
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6.9 Evaluation & Imiprovemert ot Nonlinear Algorithms

As desctibed it% Appetndix 1 , there are ojwn questi u;:s about the nonlinear solution

algorithins usd in AI INA. Ihe code has been thoro ug h ly checked out oin linear static

and dynamic and static nonline ar elastic prublems. Howe.ver, even highly skilled users

have reported problems with Al)INA most notably for dynainic plasticity problems. The

present version of AL)INA does not permit variable (adaptive) time steps. Ilhis is a

beriiuts deficiericy that Must be retnoved if dyamic nonlineiar prob lems are to be run

efficient ly.

b.10 Improved Llocumentationi

While the documentation of AL) IN A is volunminous, it is severely limited in scope,

fails to give the user necessary guidance or recom mendat ions, and is very difficult for

the uninitiated to read and learn frun. 'ersunnel at the NRt. andtother Navy labs would

he able to make manch more efective and efficient use of the code if better

docunentation were avilable.

AL)INA is coded in easy-to-read FUR I [ AN, and it is organized into modular,

functional overlays that perform identifiable, logical tasks. Thus, Al) IA is relatively

easy to modify. For example, adding a new element type such as an improved shell

element or adding new material wodels such as those described in Sections 2 and 3 can be

done by a skilled pro, rammer in a reasonable period of time. The personnel using ADINA

could readily learn how to make these moi ifications themselves if a lrograminer's

Manual was available. A Program mer's Manual typically describes the organization of

the code and the tasks performed by individual rootines or groups of routines as well as

describing the COMMON blocks, addressing and 1llnpt/ULutput structure. We recommend

that such a document be prepared.
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APPENDIX A

ADINA FILES ON I lL ASC

I his appendix describes the AI)IN A files that have been left on the ASC for future

use. Anys dILust ions about these files should be directed to Dale Ranta at Pacifica

I echnology, 11696 Sorrento Valley Road, San Diego, Cali forni a 92121, (714) 453-25 30.
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Path Name USE R C AI/lJ 3/IB8O/IJU Nil RIl

SONS:

AD)INA - Most of the AD INA files are on this path

M AC - M AC R OS

(. L12D - M ACRe to Get 2-D) AL)IN A files from tape

GL 131) - t ACRO to Get 3-Di AWINA files frum tape

GI_ I m - M ACRO to (jet 2-1/3-) AI.INA files from tape

IAN - 10 Mflops lierichnark prolblem
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Path Name USL R C A] /D)63/tB8U/I)U NII R 1/AI INA

Soils:

NA. ,L S - Names of AI)INA files

AMt AC - M A("( OS

L l;U - C It ER source I ilrarys on this path

L Il - C If E R execution libiarys on this pat h

,L INK - M AR CO to link 2-D/3-D ADIN A

ABS2 D Absolute element for 2-1) ADINA

XQT2D - M AR CO to execte 2-1) ADINA

AWS3D - Absolute element for 3-1) ADINA

XQi3t) - MARCO to execute 3-1) ADINA

L INK21) - M AR CO to create ABS2I)

LINK31) - MACRO to create AIBS3D

SOUR Cf - Source code for MODE L 12

UP - M AR COS

UPDATE - CIFER update decks are on this path

RUNS - ADINA test problems are on this path

OUI PUT - ADINA test problem output is on this path
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V',l 0h Name U - C Al /I)b3/ItJiI)g NI I N 1/ L IA)

SONS:

,\lINA ( ' 11 R source for the "nain' AIMINA overlay

AI) INI - CII R N source for the 'iiJI)ut" AD)INAoverlay

I C).m\l I1L - C IF I: source for the "In Lut" AI)INA ovorlay

L I)1 2 1); - C IF 1. t source for the 'input" Al)lN Aove-rlay

L M)1 2 D)4 - C IF EN source for t he " i ipu t" A L) IN A ove r lay

.Ml 21) - C IL k I source for the 'input' AIN A overlay

t Wl 21)7 - C IFL < source for the "input' AD INA overlay

I I) 21D8 - C IF E R source for the 'input * Al) IN A overlay

E D2 I)1U - C IF F R source for the "input' ADINA overlay

1 D2 Dl 2 - C IF E R source for the "input" ADIN A overlay

E 21)13 - CIFER source for the "input' ADINA overlay

[ 1)2 )14 - C IF E R source for the "input' A) IN A overlay

II II E DXI - C IF LR source for the "input' ADINA overlay

1)31)3 - CIFER source for the "input" ADINAoverlay

l)r3 1)4 - C IFLR source for the "input' ADIINA overlay

I D[31)6 - CIFER source for the "input" ADINA overlay

I: I)r3 D7 - C IFE R source for the "input" AL)INA overlay

F D 13 D) - C IF R source for the "input' ADINA overlay

1.)3D1D0 - CIFEN source for the "input' ADINA overlay

L ) 1 2 - C IF E R source for the "input" AD IN A overlay

IU %I M Y - C IF E R source for the " input' AD INA overlay

Ii LOCK - CIFLI1 source for the 'input" ADIN A overlay

I) AD - CIFILR source for the "load" AD INA overlay
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Path Name USEIR C AI/0)b3/II0/I)U NIl R 1/L III

SONS:

AD IN - C It FR execution library for the 'mrain' AIN A overlay

A) IN I - C IIFL R execution library for the 'input Al)INAoverlay

1 0DM FL - C IF LIK execution library for the 'input ADINA overlay

:E If 2D3 - C IF I:R execution library for the 'input AUIN Aoverlay

EDI2D4 - CIFlER execution library for tie i nput ADINA overlay

E 1)l 2DO - CIf ER execution library for the "input" AC N A overlay

E 1)12D7 - CIF t-- execution library for the 'input ADIN A overlay

L 12D8 - CIFLR execution library for the 'input' ADINAoverlay

I- D2 Ll0 - C I- I R execution library for the 'input" ADINA overlay

S1)2)12 - C IF ER execution library for the 'input' ADINA overlay

[1)21)13 - C IELR execution library for the 'input' ADINA overlay

ED2D14 - CIFER execution library for the "input' ADINAoverlay

TIIR E DM - CIFLR execution library for the 'input' ADINA overlay

L[3D3 - C IF-ER execution library for the "input" A)INA overlay

E 1)13D4 - C lFER execution library for the 'input' ADINA overlay

E D-3D6 - CIFER execution library for the inpUt" ADINAoverlay

E DT3 D7 - CIF ER execution library for the 'input' ADINA overlay

E DT3tD8 - CIFER execution library for the 'input' ADIlNAoverlay

E)3 D10 - C lFER execution library for the *input' AI)INA overlay

E 03 D12 - C lFER execution library for the "input' ADIN A overlay

DUMMY - CIFER execution library for the 'input' ADINA overlay

13 LOCK ClFER execution library for the 'input" AIN A overlay

LOAD CIFER execution library for the "load' ADINA overlay
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Path Name USE 1 C AI/Db3/BS0/IJLJ NI i/kl! U NS

.SUNS:

.2 l - ADINA 2-1D rest problem 1

R2D2 - AIlNA 2-1 lest problem 2

R12!)3* - ADINA 2-- lest problemn 3

R 2 i01 - ADINA 2-l) lest problem 4

11L)5 - ADINA 2-L) lest problein 5

K2 DO - AI)INA 2-1) lest problem 6

1?31)1 - ADINA 3-L) Test problem 1

R3 D2) - ADINA3- D Test problin 2

R3 3 - ADINA 3-D Test problem 3

K3 D4 - A[)IN A 3-I) Test problern 4

K31LS5 - ADINA 3-1) Test problem 5

L3Db - ADINA3-D Test problem 6

*Sample problems described in Sect ions 2 and 3.
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APWLNI)IX G

EXI CUI ION I'ROiLI MS

l'ersowiel it l'acitica l1- hnogy have b,-- jIsl,, thn AIlMNA code SiOce its tirst

release in 1971. Wvhile we have found it toi he a vtr\ reliable ((ode that strlves a vely

Iarge class 01 p;'Itl;IIs, we have also observed % rih xecuti o errors. Almost all the

difticulties we have noted are associated ith nue plkstic;ity moleIs and to a lesser

degree, the constant tin'w step.* Ihis is esp(.cialh, true for plasticity pioblems vVitli very

rapid loading. AI)INA almost always fails onl thlr t'",pe ot prublem, except whe the tinae

step size is severely reduced (usually less than th- Courant stability limit At , /,x/c ).

figures H-1 and 1;-2 illustrate a typical dynamic plasticity problem that AIJINAhas

been unable to solve. Ain excellent numerical soliti inn to this prohIt 1m was computed with

the DY N Al) L AS code, 1 3] and recently a solut ion was also achieved with tie SI AG S-C1

code (this geolie try was also used ill al experirwment reported by Wu and Witrarer). Our

Al)INA run used a 5,,sec time step (certainly too l.rge for good accuracy) and at the end

of the first time step in the element at thr cr,. n the stress was 067,00) psi and th,,

radial displacemnent was -. 023'. hus, the st rain from the strain displ acenent equatio.1s

WaS . =L u/r -. 0013, but from the stress-strain l,'. the plastic strain was ,.p -(67, (i0-

42,BUu)/.787 x 105 - -32, ahoLt 40 times the strtin consistent with the displacements. In

our opinion, this error i.s caused by a lack of clos.ure in the plasticity routines, that is, a

failure to test the stress state ag,{ainst tle computed strain state.

I I se diffickltie, are potent ially serint: and v, a rrant further invest igat ion.

However, NR L is not presently using Al)INA for this type of problem. It is possible that

this deficiency can be easily fixed, but this will not ne known until a cure is attempted.

It is remarkable that Hathe has )eecn able, to ret aii liev co01nstanL
time st e p i n a ge n 4' r a 1 Pu r pos e nt)n I i ne a r code
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Initial Velocity 41860 in/c

5 elements
37.50

~ 21 equally spaced beami ele; ent,,

t .123", b =1.197"
-3 2 4

= .25 x 10 in-sec /in

R 2.935" At =5 lisec

22.50

Figure B-1. Typical Dynamic Plasticity Problem for ADINA.

42,300 psi 1 E

Figure B-2. Stress-Strain Law for Plasticity Problem.
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APPLNI)IX C

ANISOfROPIC I) FORMAl ION IlILORY PLASI ICILY

l.kt ot mation lheory PHasticity is a tlheory that approxi nate s the norIdinuar stress-

strain relationiships of plasticity, but avoids, the complexity of solving th, actual

1)a1 ticity equations. Within reasmnjble limits, this is gener lly a good approximation of

material nonlinearity for loading hiiktries without u l)ir tling and where the ratio of the

stress components do not significantly change, ), form-aition th.ory gives results that are

path independent and the theory is implirmen ted using a secant modulus. LDeormation

theory can be readily incorporated into the AD)INA corrputer code be':ause although

AL)INA performs 'incrviental" solutions, it uses a secant iiiodnlus Stifl nes , matrix for

the Model 3 and the recently developed Mliodel 12 temperature dependent pr)perties, and

the results are likewise load path indvependent.

The following development is for anisotropic deformation theory plasticity and

illustrates how it could be incorporated into ADINA in a manner similar to Model 6.

Isotropic materials would follow in a similar manner, and note that while the material is

elastically isotropic, the secant (or tangent) stress-st rain relationship becomes

anisotropic after yield.

Anisotropic Stress-Strain Law

Derivations are limited to anisotropic materials that have stress-strain laws in the

elastic range that are expressed in the principal material a\es as

{o} = [C E _ { cxAT} (C-1)

where

x 11 12 C13 0 x x

SC12 ('22 C23 0 0 -(x AT

z 13 C23 C33 0 c z u zT

'I 0 0C 4 0 y -x A Tx C44 xy x

0 z0 0 C 55 0J y z ATyZ . y yz

z X 0 0 ( C 6 6  zx zx A
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1:igoures (l a-Cl f illust l ate the uiniaxi iI (stress) stress-strain behavior of th,:

material in the pi incip)al niaterial directions. For simplicity attention is limited to

materials that have a linear hardening law. lo fully describe a deformation theor

anisotro)ic material it is necessary t() ,neasure 1) elastic nioduli Cll, C.1 2, C1 3, C22 ,

C23, (33 C C, , cO (or equivalently the 1) engineering elastic properties Lx, 'y, E

V xy' \'yz' zx' ' Gyz Gzx), 6 coelticients of thermal expansioii x' (xy' " z' "xy' rayz,

tz×' 6 yield stresses YxI Yy Y I Y Y 1, Yzx, and 6 hardening moduli IIx, IHy, liz , IIxy,

HIIyz, lzx. 1hus, there are 27 material properties to be measured. Also, all 27 of these

matezrial properties can be temperature dependent (the 9 elastic iodulhi and 6

coefficients of thermal expansion are fictions of teniperat ure in M4odel 12).

Anisotropic Effective Stress

Following closely l-rank Weilei's development of the anisotropic deformation t. ,eory

in the [)OASIS corle, [ f' the existence of an effective stress measure (or equivalently an

anisotropic yield function) in the following form is postulated

a a 2 a a 2 U a 2a-2 x y) + ; y(_ ) , ( z x
o =ilT r r 2 r r 3 r r

x y y z z L

2 2 2 (C-2)
I + -1. + T

xy xy yz yz zx zx

where the r weighting factors are chosen to make the effective stress independent of

volumetric strains, thus, making the effective stress a measure only of deformation

producing strain states.

rx = (Cll + C 1 2 + C 1 3 )/C, ry=(C 1 2 + C2 2 + C 2 3 )/C,rz=(Cl., + C 2 3 + C, 3 )/C (C-3)

where for convenience we choose C C1 1 + C1 2 + C 13 and, thus, rx  1. Now define

fix = 1 + 3

13y = I + j 2 (C-4a)

z ' 2 +

a:1(1 the inverse relations
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1

x y

2+ (C-41))
{ 2 x y z

Also def ine
1 1 _ 1 1 _ 1 1

K II -. ' H I:
x x x y y y

1 1 1 i _ 1 1
K II I "I I

Kz z A x y X y x yC-)

1 1 1 1 1 1
Ky H C ' .I i

yz y-z /.x zx 7x

Anisotropic Effective Stress-Strain Relation

Next an anisotropic effective stress-strain relationship that is the same form at the

uniaxial components is postulated. 1 his is illustrated in Figure C2. lhe effective yield

stress is Y , The elastic modulus, E , I he hardening modulus is l and

1 _ 1 1
(C-6i)

K .. -F

Ior convenience the effective st ress-strain relation is chosen to be the sane as the

uniaxial o x  - f:x  relation, thus Y = Yx L I X, 1 and K * his is

arbitrary because the effective relation must emhodly all the component relations.

[he Ws are deterrmined by equating the plastic work of eachl COmlOent to the

plastic work of the effective stress. Without reproducing the ale!)raic details, this givesr

i- for i = x,y zxy,yx, zxy 2 . - i y- (C-7)

K. I

K 0

I hus, we have the r it imr unpleasant result that the -'s depend on the effective stress for

an an isotropic material. (1 he ,'s are constants for an isotropic material.) Note that

i",h1 because of how we chosc: til, normalizing factor for tilie r's and the effective stress-

67



strain relation.

Anisotropic )eformation I heory Ulmw Rule

Againi Ormitting Some al.,Wbhaic dutails, the total plastic strain comrponents are

exl)ressed

- p
E: x Si S. , i x'y, , xy,yz.,zx (C-8)

where A is a positive proportionality factor, C is the total effective plastic strain and

Si are the so-called anisotropic deviatoric stresses

S = -= 1. o (C-9)
1 2 )a. Ij

x3 1
- __0_ - 0r r r r r r

x x x y x z

-- - 2 0
r r r r r rx y y y y z

632 /,
302.. - 0 0 0

I  r r r r r rx z y z ~ / /

0 0 0 i 0 0xy
0 0 0 0 C) 0

yz
0 0 0 0 0

zx

Also,

CIP (o - Y)/K , (C-lu)

(a rK ((10

alrl(d

A 1( C7 ) C-l 1)
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Effective Secant Anisotropic Defornation 1 heory Stress-Strain Relation

Sli e secant stress-strain law for the aniotropiL It ormation theory plasticity is

exl)ressid

I, [c e p  t,- I} (C-I 2a)

whe re

[CePj w -),] + X[L31- (C-12b)

and

[I-) ] = ' [c j 1  ( C-1 2c)

Ili] is the anisotropic deviatoric stress matrix given in (C-9) and [Cej is the elastic stress-

strain matrix given in (C-1).

Implementation of the Anisotropic Deformation Theory

The following algorithm describes an iterative procedure by which the anisotropic

deformation theory could be implemented into a code like ADINA. There are many

alternatives that are simplier, but the method described below appears to be the most

straightforward.

1) Using the current value of the secant modulus, [CeP, solve for tle new

total displacements in the next load or time step, [Ce p] = [Ce ] for
-p =e 0;

2) Using a Newton-Raphson iterative method compute the new effective

stress, a , using, equations (C-2)-(C-7);

-p3) Calculate the new estimate of the cormponents of the plastic strain cp.

using either an explicit total strain or an explicit total work method (not

described herein);

4) Calculate Si, ri, Bij, A and the total plastic strain components from (C-8)

and the total stresses from (C-2a);

5) lRepeat steps (2)-(;) until convergence is achievd for 13 and C
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Figure C-ld Figure C-le Figure C-lf

Figure C-2
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